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Magnetotransport study of (Sb1−xBix)2Te3 thin films on mica substrate
for ideal topological insulator
Abstract
We deposited high quality (Sb1−xBix)2Te3 on mica substrate by molecular beam epitaxy and investigated
their magnetotransport properties. It is found that the average surface roughness of thin films is lower than 2
nm. Moreover, a local maxima on the sheet resistance is obtained with x = 0.043, indicating a minimization of
bulk conductivity at this composition. For (Sb0.957Bi0.043)2Te3, weak antilocalization with coefficient of
-0.43 is observed, confirming the existence of 2D surface states. Moreover Shubnikov-de Hass oscillation
behavior occurs under high magnetic field. The 2D carrier density is then determined as 0.81 × 1016 m−2,
which is lower than that of most TIs reported previously, indicating that (Sb0.957Bi0.043)2Te3 is close to
ideal TI composition of which the Dirac point and Fermi surface cross within the bulk bandgap. Our results
thus demonstrate the best estimated composition for ideal TI is close to (Sb0.957Bi0.043)2Te3 and will be
helpful for designing TI-based devices.
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We deposited high quality (Sb1−xBix)2Te3 on mica substrate by molecular beam
epitaxy and investigated their magnetotransport properties. It is found that the average
surface roughness of thin films is lower than 2 nm. Moreover, a local maxima
on the sheet resistance is obtained with x = 0.043, indicating a minimization of
bulk conductivity at this composition. For (Sb0.957Bi0.043)2Te3, weak antilocalization
with coefficient of -0.43 is observed, confirming the existence of 2D surface states.
Moreover Shubnikov-de Hass oscillation behavior occurs under high magnetic field.
The 2D carrier density is then determined as 0.81 × 1016 m−2, which is lower
than that of most TIs reported previously, indicating that (Sb0.957Bi0.043)2Te3 is
close to ideal TI composition of which the Dirac point and Fermi surface cross
within the bulk bandgap. Our results thus demonstrate the best estimated compo-
sition for ideal TI is close to (Sb0.957Bi0.043)2Te3 and will be helpful for designing
TI-based devices. C 2016 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4943156]
I. INTRODUCTION
Topological insulators (TIs), due to their dispersionless surface state,1,2 are promising candi-
dates for nano-electronics, spintronics, and magnetic sensors.3–5 The reason for this nontrivial sur-
face state is the bulk band inversion which arises from the strong spin-orbit coupling.1 This surface
state of TIs protects the electrons from back scattering which may lead to ultra-high conductivity.6
Experimentally, the topological surface state has been found in 3D TI materials such as Bi2Te3 and
Sb2Te3.6,7 To reduce the surface crystalline defect and obtain high bulk resistivity, TIs are grown on
various substrates such as sapphire and Si (111).8,9 Among these substrates, muscovite mica which
enables van der Waals epitaxy shows advantages in the growth of TI with low crystalline defect and
good electrical properties.10 Moreover, the mechanical flexibility and transparency of mica enable
the application of TIs in flexible optoelectronics.11
The ideal TIs require both Dirac cone and Fermi level lying inside the bulk bandgap where
all the electrical conductivities are attributed by the TI surface.1 However, TIs such as Bi2Te3 and
Sb2Te3 are reported as n-type and p-type band structure respectively.7 Therefore, their band struc-
tures are required to be engineered to achieve ideal TI. Due to the structural compatibility of Bi2Te3
and Sb2Te3, it is possible to tune the Fermi level and Dirac cone by doping Bi into Sb2Te3 to make
an ideal TI.9 Moreover, since the band structure of TIs can be affected by the epitaxial constraint
from the substrate,12 it is still necessary to study the growth of (Sb1−xBix)2Te3 on mica substrate and
experimentally locate the ideal TI composition for the practical applications.
In this work, (Sb1−xBix)2Te3 thin films were deposited on mica substrate with varying Bi
concentration, aiming to study their structural characters on mica substrate and locate the ideal TI
aAuthor to whom correspondence should be addressed. Electronic mail: zhenn.zhang@gmail.com
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composition. The magnetotransport responses of (Sb1−xBix)2Te3 near ideal TI composition will be
studied in detail to understand the electrical properties of its surface state.
II. EXPERIMENTAL PROCEDURE
(Sb1−xBix)2Te3 with thickness of 12 nm were deposited on mica substrate by molecular beam
epitaxy. The quality of the thin films during growth was monitored with reflection high energy
electron diffraction (RHEED). The concentration of Bi in (Sb1−xBix)2Te3 was modulated by the cell
temperature of Bi. X-ray diffractometer (XRD) was used to characterize structural information of
thin films. The surface morphology and thickness were characterized by atomic force microscope
(AFM). The composition was analyzed with the FEI Quanta FE-SEM. Room temperature sheet
resistance was performed using four-point probe method. The magnetotransport measurement was
performed in physical properties measurement system with magnetic field normal to the sample
surface [Fig. 4(a) inset].
III. RESULTS AND DISCUSSION
A. Structure of (Sb1−xBix)2Te3 deposited on mica substrate
Surface morphology of Sb2Te3 grown on mica is shown in Fig. 1(a). Over a large length scale
(5 × 5 µm2), the thin film possesses a terrace-like structure. Along the dashed line in Fig. 1(a), the
surface shows stepwise increase of its height [Fig. 1(e)] with a value of ∼ 1 nm (i.e. one quintuple
layer) which indicates the 2D growth of thin films on mica substrate. With doping Bi into Sb2Te3
[Figs. 1(b), 1(c), and 1(d)], pyramidal-shape terraces gradually appear. The highest surface rough-
ness is ∼ 1.9 nm with x = 0.07, which is comparable to the surface roughness (∼ 1 nm) of Bi2Te3
with similar thickness on Si (111) substrate,8 indicating that mica is a suitable substrate to grow
(Sb1−xBix)2Te3.
Representative XRD profile of (Sb1−xBix)2Te3 with x = 0.043 is shown in Fig. 1(f). Diffraction
peaks from the {003} family planes of (Sb0.957Bi0.043)2Te3 are observed. Its c lattice parameter is
30.42 Å, being in between that of Sb2Te3 (30.35 Å) and Bi2Te3 (30.49 Å). This is consistent with
larger atomic radius of Bi than Sb in (Sb1−xBix)2Te3. Such lattice distortion introduced by Bi may
FIG. 1. (a) ∼ (d) AFM image of (Sb1−xBix)2Te3 grown on mica substrate, where (a) x= 0.0, (b) x= 0.014, (c) x= 0.043, and
(d) x= 0.07. RHEED pattern of Sb2Te3 during growth is shown in (a) inset. (e) Height profile of Sb2Te3 along the dashed line
in (a). (f) XRD profile of (Sb1−xBix)2Te3 with x= 0.043.
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also disturb the 2D growth of (Sb1−xBix)2Te3, and then increase the surface roughness as shown in
Figs. 1(a) ∼ 1(d).
B. Effect of Bi on sheet resistivity of (Sb1−xBix)2Te3
To identify the ideal TI composition in (Sb1−xBix)2Te3 grown on mica substrate, sheet resistivity
of thin films were studied. Based on previous results,9 for Sb2Te3 [Fig. 2(a1)], the Dirac point (DP)
locates in the bulk bandgap while the Fermi level (FL) lies in the valence band; while for Bi2Te3
[Fig. 2(a3)], the DP is inside the valence band with FL cutting the conduction band. The band
structure of Sb2Te3 and Bi2Te3 thus suggests a low value of their sheet resistivity. Doping of Bi grad-
ually shifts up the FL and pushes down the DP.9 As a result, an ideal TI with FL and DP crossing
within the bulk bandgap can be formed [Fig. 2(a2)]. With extremely reducing bulk carrier density,
the (Sb1−xBix)2Te3 near ideal TI should show obvious increase in sheet resistivity.9 Moreover, the
energy difference between DP and FL of Sb2Te3 (EDP − EFL ∼ 0.05 eV) is much smaller than that of
Bi2Te3 (EFL − EDP ∼ 0.3 eV).9 Thus, the ideal TI composition is expected close to Sb2Te3 terminal.
Based on above analysis, sheet resistance measurement was performed on (Sb1−xBix)2Te3 with
x = 0.014, 0.043, and 0.07. As Fig. 2(b) shows, with doping Bi, a peak in sheet resistivity is
observed in (Sb1−xBix)2Te3 when x = 0.043. Such experimental observation is consistent with the
schematic picture in Figs. 2(a1) ∼ 2(a3), indicating that (Sb1−xBix)2Te3 with x = 0.043 is close to
ideal TI. This doping value is consistent with previous work suggesting the ideal TI composition
as x = 0.04 ∼ 0.06,9 indicating that epitaxial constraint generated by mica substrate is weak on
determining the composition of ideal TI in (Sb1−xBix)2Te3.
C. Weak antilocalization of (Sb0.957Bi0.043)2Te3 under low magnetic field
To study the topological surface state near ideal TI composition, magnetotransport responses of
(Sb1−xBix)2Te3 (x = 0.043) at low temperature were studied under low magnetic field. At T = 2.5 K
[Fig. 3(a)], ∆Gxx(B) shows sharp upward cusps shape near zero magnetic field, demonstrating a
weak antilocalization effect (WAL).10,13,14 Such behavior originated from the suppression of decon-
structive interference of π Berry’s phase with applying magnetic field provides a clear signature
on the existence of topological surface state.14 At T = 7.5 K and 10 K, the WAL becomes weak
indicating the decrease of phase coherence length with increasing thermal noise. The tempera-
ture dependent longitudinal resistivity (ρxx) curve [Fig. 3(a) inset] shows metallic (with positive
slope) behavior, which indicates the existence of surface state carriers.15 However, below 20 K, the
FIG. 2. (a1) ∼ (a3) Schematic illustrations on tuning the Fermi level and surface Dirac point of (Sb1−xBix)2Te3 with
increasing Bi concentration. (b) Sheet resistivity of (Sb1−xBix)2Te3 at room temperature.
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FIG. 3. (a) Magnetoconductance of (Sb1−xBix)2Te3 with x= 0.043 at low magnetic field. Inset shows temperature dependent
longitudinal resistivity. (b) Fitting of conductance change with Hikami-Larkin-Nagaoka (HLN) model. (c) Phase coherence
length as a function of temperature, fitted with power law LΦ∼T β.
resistivity shows a weak upturn as temperature decreases. This insulating behavior is consistent with
previous results and can be explained by electron-electron interactions.16
The WAL of TI can be described with Hikami-Larkin-Nagaoka (HLN) equation as ∆G(B)
= -(αe2/πh)•[Ψ(0.5 + h/8eπLΦ2) − ln(h/8eπLΦ2)], where α is WAL coefficient, e is electron charge,
h is Planck’s constant, Ψ is digamma function, and LΦ is phase coherence length.17 The best fitting
at various temperature [Fig. 3(b)] yields α = -0.43, confirming the 2D character of WAL since
theoretically α should equal to -0.5 for 2D surface state.18 Figure 3(c) shows that the LΦ decreases
from 97 nm to 53 nm with increasing temperature. The temperature dependence of LΦ is further
fitted with a power law LΦ ∼ T β with β = -0.42. Since β is equal to -1/2 for 2D electron system,19
the present WAL results confirm the existence of 2D topological surface state in (Sb1−xBix)2Te3
(x = 0.043) deposited on mica substrate.
D. Quantum oscillation of (Sb0.957Bi0.043)2Te3 under high magnetic field
To study the surface state near ideal TI composition in detail, magnetotransport responses of
(Sb0.957Bi0.043)2Te3 were further studied under high magnetic field. As shown in Fig. 4(a), Hall
resistance of sample demonstrates obvious Shubnikov-de Hass (SdH) oscillation at 2.5 K.6 More-
over, the oscillation can be observed at small magnetic field, indicating the minimization of bulk
carrier density in the system.6 The dRxy/dB shows periodical oscillations with 1/B [Fig. 4(a) inset].
The oscillation frequency is extracted by fast Fourier transform as FSdH = 33.3 T. The oscillation
frequency is related with the area of Fermi surface AF as FSdH = [h/4π2e]AF. Assuming a circu-
lar area, the Fermi surface can be expressed as AF = πkF2, where kF is Fermi vector.6,20 The 2D
FIG. 4. (a) Shubnikov-de Hass (SdH) oscillation of Hall resistance for (Sb1−xBix)2Te3 with x= 0.043 at 2.5 K. Insets show the
periodical oscillation of dRx y/dB with 1/B and geometry of magnetotransport measurement. (b) SdH oscillation behavior of
its magnetoconductance at various temperatures. (c) Normalized conductivity amplitude, fitted with Lifshitz-Kosevich (LK)
model.6
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carrier density n2D can then be determined as n2D = kF2/4π.20 For (Sb0.957Bi0.043)2Te3, the Fermi
vector and 2D carrier density are calculated as kF = 3.18 × 108 m−1 and n2D = 0.81 × 1016 m−2. SdH
oscillation is also observed in normalized magnetoconductance [Fig. 4(b)], of which the amplitude
decreases with increasing temperature [Fig. 4(c)]. The temperature dependence of oscillation ampli-
tude can be described by Lifshitz-Kosevich (LK) model as ∆σxx(T) = σxx(0)•λ(T)/ sinh[λ(T)] and
λ(T) = 2π2kBTmcyc/(~eB) where mcyc is cyclotron mass.6 The effective cyclotron mass is obtained
as mcyc = 0.086 me, where me is mass of free electron. Notably that two dimensional electron gas
(2DEG) may appear around the bottom of the bulk conduction band of n-type TI (Bi2Se3) due to
the bending of surface band.21 However, (Sb0.957Bi0.043)2Te3 shows p-type conductivity in Fig. 4(a).
Thus the contribution of 2DEG on magnetotransport is not considered here.
Compared with the surface state reported previously (for Bi2Te3, n2D ∼ 1.2 × 1016 m−2, kF ∼ 4
× 108 m−1, and mcyc ∼ 0.15 me),10 the 2D carrier density, cyclotron mass, and Fermi vector of
(Sb0.957Bi0.043)2Te3 show lower values. It is indicated that the relative position between Dirac point
and Fermi surface are close, being consistent with Fig. 2(b). Our results therefore demonstrate that
(Sb1−xBix)2Te3 with x = 0.043 on mica substrate approaches the ideal TI [Fig. 2(a2)]. It should be
noted that (Sb0.957Bi0.043)2Te3 shows p-type behavior [Fig. 4(a)], indicating that the Fermi level is
slightly lower than Dirac point. Thus, more composition points and gating measurement to probe
the position of Fermi level in the band gap will be studied in our future works to locate more
precisely the ideal TI composition on mica substrate.
IV. CONCLUSION
In this work, high quality epitaxial (Sb1−xBix)2Te3 with 0 < x < 0.07 were grown on mica
substrate successfully. The surface roughness of the thin films increases with doping Bi, but remains
lower than 2 nm. When Bi concentration is x = 0.043, the sheet resistance shows a local peak,
indicating that it is close to ideal TI composition. Weak antilocalization effect with coefficient of
-0.43 and phase coherence length of > 70 nm is observed when the temperature is lower than
10 K, confirming the existence of 2D surface state. Under high magnetic field, (Sb1−xBix)2Te3 with
x = 0.043 demonstrates clear Shubnikov-de Hass (SdH) oscillation behaviors and shows a low
value of 2D carrier density, cyclotron mass, and Fermi vector. Our results thus demonstrate that the
relative position between Dirac point and Fermi surface are close in (Sb1−xBix)2Te3 with x = 0.043
on mica substrate. And the p-type behavior of it suggests that more Bi should be slightly doped into
system to fully obtain ideal TI. Our results on the growth of (Sb1−xBix)2Te3 and the location of ideal
TI composition will be helpful for the applications of TIs in flexible optoelectronics, spintronics,
and magnetic sensors.
ACKNOWLEDGMENT
This work was supported by the U.S. National Science Foundation Division of Electrical,
Computer and Communications Systems (ECCS) under Award 1201883. Magnetotransport analysis
performed at Ames Laboratory was supported by the U.S. Department of Energy (DOE), Office
of Science, Basic Energy Sciences, Materials Science and Engineering Division. The research was
performed at the Ames Laboratory, which is operated for the U.S. DOE by Iowa State University
under contract # DE-AC02-07CH11358.
1 X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).
2 C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 146802 (2005).
3 Y. Ni, Z. Zhang, I. C. Nlebedim, R. L. Hadimani, G. Tuttle, and D. C. Jiles, J.Appl. Phys. 117, 17C748 (2015).
4 J. E. Moore, Nature 464, 194 (2010).
5 Y. Ni, Z. Zhang, I. C. Nlebedim, R. L. Hadimani, and D. C. Jiles, IEEE Trans. Mag. 51, 1 (2015).
6 D.-X. Qu, Y. S. Hor, J. Xiong, R. J. Cava, and N. P. Ong, Science 329, 821 (2010).
7 H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C. Zhang, Nat. Phys. 5, 438 (2009).
8 L. Plucinski, G. Mussler, J. Krumrain, A. Herdt, S. Suga, D. Grützmacher, and C. M. Schneider, Appl. Phys. Lett. 98, 222503
(2011).
9 J. Zhang, C.-Z. Chang, Z. Zhang, J. Wen, X. Feng, K. Li, M. Liu, K. He, L. Wang, X. Chen, Q.-K. Xue, X. Ma, and Y. Wang,
Nat. Commun. 2, 574 (2011).
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.186.176.154 On: Tue, 03
May 2016 07:57:36
055812-6 Ni et al. AIP Advances 6, 055812 (2016)
10 K. Wang, Y. Liu, W. Wang, N. Meyer, L. H. Bao, L. He, M. R. Lang, Z. G. Chen, X. Y. Che, K. Post, J. Zou, D. N. Basov,
K. L. Wang, and F. Xiu, Appl. Phys. Lett. 103, 031605 (2013).
11 H. Peng, W. Dang, J. Cao, Y. Chen, D. Wu, W. Zheng, H. Li, Z.-X. Shen, and Z. Liu, Nat. Chem. 4, 281 (2012).
12 Y. Liu, Y. Y. Li, S. Rajput, D. Gilks, L. Lari, P. L. Galindo, M. Weinert, V. K. Lazarov, and L. Li, Nat. Phys. 10, 294 (2014).
13 C. Zhang, X. Yuan, K. Wang, Z.-G. Chen, B. Cao, W. Wang, Y. Liu, J. Zou, and F. Xiu, Adv. Mater. 26, 7110 (2014).
14 L. Bao, W. Wang, N. Meyer, Y. Liu, C. Zhang, K. Wang, P. Ai, and F. Xiu, Sci. Rep. 3, 2391 (2013).
15 S. Shimizu, R. Yoshimi, T. Hatano, K. S. Takahashi, A. Tsukazaki, M. Kawasaki, Y. Iwasa, and Y. Tokura, Phys. Rev. B 86,
045319 (2012).
16 H. Pal, V. Yudson, and D. Maslov, Phys. Rev. B 85, 085439 (2012).
17 S. Hikami, A. I. Larkin, and Y. Nagaoka, Prog. Theor. Phys. 63, 707 (1980).
18 H. Steinberg, J. B. Laloë, V. Fatemi, J. S. Moodera, and P. Jarillo-Herrero, Phys. Rev. B 84, 233101 (2011).
19 B. L. Altshuler, A. G. Aronov, and D. E. Khmelnitsky, J. Phys. C 15, 7367 (1982).
20 A. A. Taskin and Y. Ando, Phys. Rev. B 80, 085303 (2009).
21 M. Bianchi, D. Guan, S. Bao, J. Mi, B. B. Iversen, P. D. King, and P. Hofmann, Nat. commun. 1, 128 (2010).
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.186.176.154 On: Tue, 03
May 2016 07:57:36
